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XX gonads differentiate into ovaries, a morphologic event evident by embryonic day 13.5 (E13.5) in mice. To identify early
markers of oogenesis, sex-specific urogenital ridge cDNA libraries were constructed from E12–13 embryos. After mass
excision and isolation of plasmid DNA, approximately 4800 expressed sequence tags were determined and compared to
existing databases. Few cDNAs were specifically expressed in the urogenital ridge, but one, designated GPBOX, encodes a
227-amino-acid homeobox protein that is first expressed at E10.5 in the embryo as well as in the extraembryonic tissues.
The Gpbox gene is single copy in the mouse genome and is located on the X chromosome in close proximity to two other
homeobox genes, Pem and Psx1. Within the embryo, its expression is limited to the gonad, and transcripts are not detected
n adult tissues. Although comparable levels are initially present in both sexes, GPBOX transcripts accumulate faster in
emale germ cells and peak at E12.5 when they are present in fivefold greater abundance than in males. The persistence of
PBOX transcripts in female germ cells until E15.5 and their virtual disappearance in males by E13.5 suggest that Gpbox
may play a role in mammalian oogenesis. © 2000 Academic Press
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Mouse gestation takes place over 20 days and the undif-
ferentiated gonad is first detected as part of the urogenital
ridge at approximately embryonic day 10 (;E10). The gonad
is composed of cells from at least four lineages: support
cells (female granulosa or male Sertoli cells) that orches-
trate sexual dimorphism between male and female gonads,
steroid-producing cells (female theca or male Leydig cells),
connective cells (including endothelial cells, fibroblasts,
peritubular myoid cells), and germ cells (Capel, 1998). The
male and female gonads are initially indistinguishable, but
the formation of testicular cords at ;E12.5 provides a
morphologic marker of sexual dimorphism in males. The
ovary, however, is not distinct from the primordium until
E13.5 when female germ cells begin to enter into meiosis
(Borum, 1961). Considerable interest has been devoted to
defining the underlying molecular mechanisms that trans-
form the bipotential gonad into an ovary or a testis. Signifi-
cant advances have been made in defining the genes in-
volved in the male pathway, the onset of which requires the
expression of Sry (Swain and Lovell-Badge, 1999). Less
0012-1606/00 $35.00
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All rights of reproduction in any form reserved.progress has been made in unraveling the molecular basis of
ovarian formation, which presumably involves develop-
mental programs equally complex as those found in males.
Irrespective of chromosomal sex, germ cells initially
follow oogenic or spermatogenic pathways depending on
the gonadal environment of the cells (ovary or testis,
respectively). Embryonic manipulations (Palmer and Bur-
goyne, 1991a,b) and molecular analyses (Hacker et al., 1995;
Jeske et al., 1995) of early embryos have provided convinc-
ing evidence of the essential role of somatic gene expression
in defining male and female gonads (Kent et al., 1996; Swain
and Lovell-Badge, 1999; Yu et al., 1998). However, an
additional and critical component of gonadogenesis is the
advancement of germ cells along sex-specific developmen-
tal pathways leading to fully competent gametes. Female
(XX) and male (XY) germ cells developmentally diverge
early in gonadogenesis and obvious gender differences occur
at ;E13.5 when female cells enter into the prophase of
meiosis, but male cells mitotically arrest (Byskov, 1986).
Although either XY or XX germ cells can be diverted from
their normal prenatal development in the presence of so-
matic cells from the opposite sex, they rarely complete
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182 Takasaki, McIsaac, and Deangametogenesis and are mostly infertile in the adult (Amleh
and Taketo, 1998; Palmer and Burgoyne, 1991a). Thus, germ
cells themselves must express gene products required for
successful, gender-specific development of eggs and sperm.
The expression patterns of only a few germ cell-specific
genes have been investigated at the onset of gonadogenesis.
Zfx encodes a zinc-finger protein that is widely expressed in
mice, including in male and female germ cells. Inactivation
of the gene by targeted mutagenesis results in decreased
numbers of germ cells at E11.5 and a shortened reproduc-
tive life span in females, although both genders are fertile
(Luoh et al., 1997). Oct4 encodes a transcription factor
containing a POU motif and a homeodomain that is ex-
pressed in the blastocyst and is critical for the establish-
ment of pluripotentiality of the inner cell mass which
contains the precursors of all cell lineages (Pesce et al.,
1998). The OCT4 protein is also detected in the nucleus of
male and female germ cells at E12.5–13.5 after which it is
down regulated in female, but not in male cells. Mice
lacking Oct4 do not develop to the egg cylinder stage,
which has precluded genetic analysis of the role of Oct4 in
germ cells (Nichols et al., 1998). Other genes encoding
omeobox domains (Pem, Esx1) are expressed in extraem-
ryonic tissue and in germ cells, although mice lacking
ither have normal fertility (Li and Behringer, 1998; Pitman
t al., 1998).
To identify additional genes involved in murine gameto-
enesis, single-pass 39 expressed sequence tags (ESTs) were
btained from cDNAs derived from urogenital ridge RNA
issected from male or female mouse embryos at E12–13
hen morphological differences between the ovary and the
estis are first observed. A comparison of 4837 ESTs to
xisting databases combined with further molecular bio-
ogical analysis identified a gene, Gpbox,1 as being dimor-
phically expressed at E12–15 within the gonad in a manner
suggestive of a role in oogenesis.
MATERIALS AND METHODS
EST Sequences of Urogenital Ridge cDNA
Libraries
Urogenital ridges (gonads and mesonephros) were dissected from
12- and 13-day gestational embryos (NIH Swiss), the sex of which
was determined by the presence of Sry in carcass DNA (Cui et al.,
1993). Two micrograms of poly(A)1 RNA was isolated from either
1000 female or 1000 male urogenital ridges and used to make
sex-specific, oligo(dT)-primed, directional cDNA libraries in
Lambda ZAP (Stratagene) according to the manufacturer’s protocol.
Each cDNA library had 4–9 3 106 independent clones of which
.98% had inserts with an average size of 1.0 kb.
Following in vivo mass excision and plating according to the
manufacturer’s instructions, 4125 and 3903 pBluescript phagemid
1 Also recently described as Psx2 (placenta-specific homeobox 2;
Han et al., 2000).
Copyright © 2000 by Academic Press. All rightclones were randomly selected from the female and male urogeni-
tal ridge cDNA libraries, respectively. Single-pass 39 DNA se-
quence (350–600 bp) of each clone was determined using T7 oligo
primers and high throughput automated sequencing (National
Institutes of Health Sequence Center; BioServe Biotechnologies,
Ltd.). The resultant DNA sequences were compared to the EST and
nonredundant databases (as of 12/97) as well as to each other
(Altschul et al., 1997).
Dot-Blot Hybridization
Plasmid DNA (100–200 ng) of selected clones was transferred
onto a Nytran nylon membrane (Schleicher & Schuell) with a
dot-blot apparatus (Schleicher & Schuell) according to the manu-
facturer’s instructions. 32P-labeled cDNA probes of adult kidney
and of embryos lacking urogenital ridges were prepared by RDA
(Hubank and Schatz, 1994) and random-priming (Ready-to-Go
DNA Labeling Beads; Amersham Pharmacia Biotech Inc) using
[a-32P]dCTP (3000 Ci/mmol; ICN). After hybridization (68°C, 1 h)
using QuikHyb solution (Stratagene), the blots were washed at a
final stringency of 0.13 SSC, 0.1% SDS at 60°C. Hybridization
signals were detected by autoradiography.
RT-PCR
Total RNA was isolated from urogenital ridges (normal and
KitW/KitW-v mutants; Mackenzie et al., 1997), carcasses lacking
rogenital ridges, and adult tissues using RNAzol B (Cinna/Biotex
aboratories). Single-strand cDNA was synthesized from 1 mg of
RNA by an Advantage RT-for-PCR Kit (Clontech). Amplification
by PCR was performed with Taq DNA polymerase (Life Technolo-
gies) according to the manufacturer’s protocol (30 cycles: 95°C,
15 s; 60°C, 30 s; 72°C, 30 s; followed by a 10-min extension at 72°C)
using oligonucleotides specific to the 39 region of GPBOX (59
CAGCTTGCGAGTAAGGAGGG 39, 59 GTTGTCCTGGCCAT-
CATGGC 39), exon 5 of Amh (59 CTTACCAAGCCAACAACTGC
39, 59 CTCGGTGGCTACCATGTTGG 39) (Mu¨nsterberg and
Lovell-Badge, 1991), or exons 1 and 2 of Cyclophilin (59
GGAACTTTGTCTGCAAACAGC 39, 59 AGCCATGGTCAAC-
CCCACC 39) in a Perkin–Elmer GeneAmp PCR System 9600.
5* RACE
The 59 end of GPBOX was obtained by 59 RACE using the
MART RACE cDNA Amplification Kit (Clontech) with the 59
ACE primer and an oligonucleotide primer (59 TCCTGAGCTG-
ACTCAATGG 39) near the 59 end of the original GPBOX clone
sing the above PCR conditions. After being subcloned into
CR2.1 (Invitrogen), the sequence of the cDNA and PCR products
as determined (Seto, 1990) using [a-35S]dATP (Amersham) and the
Sequenase Sequencing Kit (US Biochemicals, Version 2) with T7
and specific internal oligonucleotide primers. The sequence of both
strands of the DNA was determined and matched that obtained
with genomic clones (see below). Sequence analysis was performed
using MacVector Version 6.0.1 (Oxford Molecular Group). The
GenBank accession number for the GPBOX cDNA sequence is
AF201698.
Chromosomal Localization
The genetic map positions of the Gpbox and Psx1 genes were
determined using The Jackson Laboratory interspecific backcross
s of reproduction in any form reserved.
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183Sexual Dimorphic Expression of Gpboxpanel [(C57BL/6J 3 Mus spretus)F1 3 M. spretus] panel (Rowe et al.,
994). After digestion with HindIII, restriction length polymor-
hisms were detected by Southern hybridization (Southern, 1975).
ntronic fragments of Gpbox and Psx1 were amplified by PCR using
ligonucleotide primers specific to intron 2 of Gpbox (59 AGCA-
ATGGCCAGAGCTTCG 39, 59 TTGTTTCCAGTCCGCATAGC
9) or intron 3 of Psx1 (59 TTTGGAAGGGTGCCACACCC 39, 59
TCAAGGGCACACCCAGTCC 39) and Taq DNA polymerase
Life Technologies, Inc.) according to the manufacturer’s instruc-
ions (30 cycles: 95°C, 15 s; 60°C, 30 s; 72°C, 30 s; followed by a
0-min extension at 72°C). After purification by agarose gel elec-
rophoresis, the gene-specific PCR products were radioactively
abeled and hybridized as described above.
Intron–Exon Map Determination of Gpbox and
Psx1
To distinguish between the Gpbox and the Psx1 loci by restric-
tion fragment length polymorphisms, mouse (129/Sv) genomic
DNA (10 mg) was digested with restriction enzymes (New England
BioLabs) and hybridized as described above as using a Nytran nylon
membrane (Schleicher & Schuell). None of the enzymes cut in the
region between the two probes and the specificity of each probe was
confirmed by Southern blots of genomic clones of Gpbox and Psx1.
he intron–exon map was determined from 129/Sv genomic DNA.
he fragments of Gpbox and Psx1 introns were amplified from
enomic DNA (500 ng) using oligonucleotide primers specific to
ach cDNA and subcloned into pCR2.1 (Invitrogen) for sequencing.
he alignments of genomic and cDNA sequences were determined
y the ClustalW algorithm in MacVector and the immediate
anking sequences of each exon conformed with the border ele-
ent consensus sequences (AG. . .GT) for exon–intron splice sites
Breathnach and Chambon, 1981).
RNase Protection Assay
A GPBOX fragment (421–829 bp) subcloned into Bluescript KS
(Stratagene) was used as a template in a PCR using oligonucleotides
specific to GPBOX (59 CAGCTTGCGAGTAAGGAGGG 39) and
T7. Likewise a subcloned PSX1 fragment (467–813 bp) was used in
a similar reaction using oligonucleotides specific to PSX1 (59
TTTCCAAGAGACTCGCTACC 39) and T7. Each PCR product
was used as template to obtain antisense riboprobes specific to
GPBOX (207 nt) and PSX1 (263 nt) that were labeled with [32P]UTP.
Embryos were obtained from timed pregnancies and the devel-
pmental stage and sex of individual embryos were determined
orphologically (Hogan et al., 1994). The sex of younger embryos
E10.5, E11.5, E12.5) was confirmed by the presence or absence of
ry in carcass DNA. Three or 5 mg of total RNA from urogenital
idges or placenta was directly added to Lysis/Denaturation Solu-
ion and assayed for GPBOX, PSX1, and control Cyclophilin
ranscripts according to the Direct Protect (Ambion) protocol. The
ntensity of each band was determined by NIH Image and the
esults represent the averages of three independent experiments
6SEM), each normalized to the peak level obtained with the
PBOX probe at E12.5.
In Situ Hybridization
Sense and antisense RNA probes were generated from a linear-
ized HaeIII–EaeI fragment of GPBOX cDNA (421–829 bp) sub-
cloned into Bluescript KS using digoxigenin–UTP (Roche Molecu- w
Copyright © 2000 by Academic Press. All rightlar Biochemicals) according to the manufacturer’s instructions.
After whole-embryo in situ hybridization (Wilkinson and Nieto,
1993), GPBOX transcripts were detected using a monoclonal anti-
body specific to digoxigenin–UTP and BM purple for the final
staining (Roche Molecular Biochemicals). Photographs were ob-
tained after decapitation and evisceration of the embryo or dissec-
tion of urogenital ridges.
33P-labeled sense or antisense synthetic GPBOX probes were
synthesized with Riboprobe Systems (Promega) according to the
manufacturer’s instructions. The probes were purified on G-50
Sephadex minicolumns (5 Prime 3 Prime, Inc.) and hybridized
(Epifano et al., 1995) to embryonic slides (Novagen). Slides were
dipped in Kodak NT-2, exposed for 2 weeks, and developed.
RESULTS
Screening ESTs and Confirmation of Expression
Patterns
Poly(A)1 RNA was isolated from 1000 female or male
urogenital ridges dissected from E12–13 embryos and used
to make oligo(dT)-primed, directional cDNA libraries in
bacteriophage l. Sry clones were identified by PCR in the
male, but not in the female library (data not shown). After
mass excision and isolation of plasmid DNA, informative 39
single-pass sequence was obtained from 2453 female and
2384 male cDNA clones (Table 1). Clones containing mi-
tochondrial, Escherichia coli genomic, or cloning vector
sequences were eliminated, and the remaining 2303 female
and 2213 male ESTs were used to search existing databases.
Only 224 female and 273 male ESTs were not present in the
nonredundant GenBank and dbEST databases from which
mouse embryonic sequences had been removed. After
elimination of clones containing mouse repetitive se-
quences or lacking terminal oligo(dT) sequences (indicative
of derivation from poly(A)1 RNA), 133 female and 144 male
clones remained. These were evaluated experimentally by
dot-blot analysis using 32P-labeled cDNA probes from adult
idney (also developmentally derived from urogenital
idges) and from whole embryos from which urogenital
idges had been excised (carcass). Only 20 (0.8% of the
riginal 2453) clones from the female and 13 (0.5% of the
riginal 2384) clones from the male libraries did not react
TABLE 1
ESTs from Urogenital Ridge cDNA Libraries
Female library Male library
otal ESTs 2453 (100%)a 2384 (100%)
Potential cDNAs 2303 (93.9%) 2213 (92.8%)
Unique (not in GenBank, dbEST) 224 (9.1%) 273 (11.5%)
Poly(A)1, no repetitive elements 133 (5.4%) 144 (6.0%)
Not in kidney or embryonic
carcass
20 (0.8%) 13 (0.5%)
a Number of clones (percentage of original).ith the kidney and carcass probes (data not shown).
s of reproduction in any form reserved.
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184 Takasaki, McIsaac, and DeanOligonucleotide primers specific to each of these 33
clones were synthesized and used for RT-PCR with RNA
from E12 female and male urogenital ridges, E12 embryos
lacking urogenital ridges, and adult tissues. One clone
(AA01B09), isolated from the female urogenital ridge li-
brary, that appeared to be specific to fetal gonads was
designated GPBOX,1 germ-line–placenta–homeobox, be-
ause of its pattern of expression and the presence of a
omeodomain in the primary structure of the conceptual
rotein (see below). GPBOX transcripts were detected by
T-PCR at E12 in female and male urogenital ridges, but
ot in embryos in which urogenital ridges had been re-
oved (Fig. 1, top). No signal was detected in the absence of
everse transcriptase and, as expected, AMH (anti-
u¨llerian hormone) transcripts were present only in the
ale urogenital ridge (Fig. 1, bottom). The RT-PCR product
as not observed in adult ovary or testis nor in the spleen,
drenal, kidney, or brain (data not shown). Thus, from a
tarting pool of 4838 clones derived from female and male
rogenital ridges, one that encoded a protein motif associ-
ted with developmentally regulated genes was shown to be
xpressed preferentially in female and male fetal gonads.
GPBOX cDNA Encodes a Homeodomain
The insert of the original GPBOX clone contained an
FIG. 1. Detection of GPBOX transcripts by RT-PCR. Total RNA
(1 mg) from E12 female or male urogenital ridges or whole embryos
from which urogenital ridges were removed (GR(2)) was added to a
reverse transcription reaction in the presence (1) or absence (2) of
enzyme. Expected GPBOX (217 bp, top) and AMH (224 bp, bottom)
RT-PCR product sizes are indicated by labels at the right. M, HaeIII
digest of f/174 was used for molecular weight markers.800-bp insert which was extended by 80 bp using 59 RACE. 2
Copyright © 2000 by Academic Press. All rightThe longest open reading frame in the resultant clone
encoded a 227-amino-acid protein that began with an AUG
codon in the context of a Kozak consensus sequence for an
initiator methionine (Fig. 2A) (Kozak, 1991). The deduced
protein sequence had 60 amino acids near its C-terminus
that defined a homeodomain, a protein motif associated
with transcription factors implicated in pattern formation
and organogenesis. During these initial characterizations,
the Psx1 gene was reported to encode a homeodomain-
containing protein of 227 amino acids that was expressed in
the placenta (Han et al., 1998). Comparison of GPBOX and
PSX1 revealed high homology between the two proteins,
including not only the homeodomain involved in DNA
binding (87% identical), but also the N-terminal domain
(85% identical), which may be involved in interactions
with other nuclear factors (Figs. 2B and 2C).
To ascertain whether these two sequences reflected dis-
tinct genes or alternative splice products from a single
genetic locus, the exon maps of Gpbox and Psx1 were
determined. Although the sizes of at least two exons were
identical and the nucleic acid sequences were highly con-
served (80–98%), Gpbox and Psx1 introns varied in both
equence and length (Fig. 3A, Table 2). Additionally,
enomic Southern blots of mouse DNA digested with eight
ifferent restriction enzymes and probed with intron se-
uences specific to each gene (Fig. 3A) demonstrated mul-
iple restriction fragment length polymorphisms between
hese two genes (Fig. 3B). None of the enzymes cut in the
egion between the two probes, and the specificity of each
robe was confirmed by Southern blots of genomic clones of
pbox and Psx1 (data not shown). Taken together, these
data confirm that Gpbox is homologous, but distinct, from
sx1.
Gpbox and Psx1 Colocalize with Pem on the X
Chromosome
C57BL/6J 3 M. spretus interspecific backcross progeny
(Rowe et al., 1994) were used to localize Gpbox and Psx1 in
the mouse genome (Fig. 4). The BSS mapping panel has been
typed for over 5000 loci that are distributed among all of the
mouse autosomes as well as the X and Y chromosomes
(personal communication, L. Rowe). Preliminary Southern
blot experiments detected polymorphisms at the Gpbox
and Psx1 loci after HindIII digestion of DNA isolated from
the two parental strains C57BL/6J and M. spretus (Fig. 4A):
20- and 9.5-kb fragments, respectively, for Gpbox and 7.5-
and 20-kb fragments, respectively, for Psx1. Using gene-
specific 32P-labeled intronic probes (see Fig. 3B), DNA from
94 progeny of the interspecific backcross were analyzed for
these restriction fragment length polymorphisms by filter
hybridization (five examples are shown in Fig. 4A for
Gpbox, top, and Psx1, bottom). As observed in these ex-
amples, the presence of the M. spretus and C57BL/6J
llele(s) of Gpbox and Psx1 were identical in the DNA from
ach of the 94 progeny. Haplotype analysis (Fig. 4B) detectedanimals that had a recombination event between the
s of reproduction in any form reserved.
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185Sexual Dimorphic Expression of Gpboxproximal Agrt2 locus (3.19% recombination frequency) and
2 animals that had a recombination event between the
more distal DXMit48 locus (2.13% recombination fre-
quency). Thus, both Gpbox and Psx1 mapped to the same
osition on Chromosome X (Fig. 4C), at offset position 7 of
he MGD map, and colocalized with Pem, a previously
escribed homeobox gene that is also expressed in the
onad (Lin et al., 1994; Maiti et al., 1996). An additional
homeodomain gene, Esx1, has been mapped to a more distal
region (offset position 57) of Chromosome X (Li et al., 1997).
The GPBOX and PSX1 homeodomains are 87% (52 of 60
amino acids) identical and most similar to the Paired-like
subfamily of homeodomain proteins (Gehring et al., 1994).
The exon maps (Fig. 3A) indicated that the homeodomains
of Gpbox and Psx1 were interrupted by two introns at the
same positions as those of other Paired-like homeobox
genes such as mouse Esx1, Pem, and fly aristaless (Fig. 5A),
suggesting that these homeobox genes evolved from a
common ancestor. Because each of the three rodent genes is
reported to be expressed in the placenta (Fig. 5B) (Han et al.,
1998; Li et al., 1997; Lin et al., 1994), an RNase protection
ssay was optimized to measure GPBOX and PSX1 mRNA.
FIG. 2. Primary structure of GPBOX mRNA and protein. (A) The
o deduce the amino acid sequence of the conceptual protein. Nucle
re boxed, and the polyadenylation signal is overlined. The longest o
nto a 227-amino-acid polypeptide, the residues of which are
omeodomain is underlined. (B) Alignment of GPBOX and PSX1 am
imilar amino acid residues are lightly shaded. (C) Schematic repr
ercentages of amino acid identity between the homeodomains (87
espectively).oth transcripts were observed in the placenta at E11.5 and
Copyright © 2000 by Academic Press. All right12.5, but neither was detected in whole embryos lacking
rogenital ridges assayed at these same developmental
tages (Fig. 5C). The functions of Gpbox, Psx1, and Pem in
he placenta remain to be determined.
Spatial and Temporal Expression of Gpbox in
Gonads
GPBOX transcripts were detected in fetal urogenital
ridges at E12, but not in adult tissues, including kidney,
ovary, and testes (Fig. 1 and data not shown). This restricted
expression was confirmed by the inability of a sensitive
RNase protection assay to detect GPBOX transcripts in
E11.5–12.5 embryo from which the urogenital ridges had
been removed (Fig. 5C), even after prolonged exposure (data
not shown). Whole-mount in situ hybridization was used to
further refine the spatial limits of Gpbox expression within
the urogenital ridge. GPBOX transcripts were clearly
present in both male and female genital ridges, but not in
the mesonephros of E11.5 embryos (Figs. 6A and 6C).
Dimorphic levels of expression were apparent at E11.5 (Figs.
6A and 6C) and became more marked at E13.5 (Figs. 6B and
leic acid sequence of the near full-length GPBOX cDNA was used
s are numbered on the left, the initiator AUG and stop codon UGA
reading frame beginning at the initiator methionine was translated
sented by single-letter code and numbered on the right. The
cid sequences. Identical amino acid residues are darkly shaded and
tation of the 227-amino-acid sequence of GPBOX and PSX1. The
d the N- and C-terminal flanking regions are shown (85 and 59%,nuc
otide
pen
repre
ino a
esen
%) an6D) when the accumulation of GPBOX transcripts was
s of reproduction in any form reserved.
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186 Takasaki, McIsaac, and Deannoticeably greater in female than in male gonads. Tempo-
rally, the accentuation of dimorphic expression pattern of
Gpbox was coincident with emergence of distinct morpho-
logical features (e.g., testis cords in males, entrance into
meiosis in females) that distinguish male and female go-
nads (E12.5–13.5).
Cell-specific expression of Gpbox within the gonad was
investigated by in situ hybridization using [33P]UTP-labeled
antisense GPBOX RNA. GPBOX transcripts were detected
in the urogenital ridge at E11 in germ cells (Fig. 7A) that
were coincident with those that stained positively for
alkaline phosphatase, a marker of germ cells within the
gonad (data not shown). At higher magnification GPBOX
transcripts were present in the cytoplasm of cells that
FIG. 3. Gpbox and Psx1 are unique genes. (A) The exon maps o
ntrons and the GPBOX and PSX1 cDNAs. The schematic organiza
oxes indicate open reading frames (ORF), the filled-in boxes indica
egions (UTR). Nucleotide identities of the four Gpbox and Psx1 exo
SX1 transcripts. The probes used for Southern blot analysis sho
nalysis of 129/Sv genomic DNA (10 mg) digested with EcoRI, SspI,
ragments specific to Gpbox and Psx1. The numbers to the left in
TABLE 2
Exons and Introns of Gpbox and Psx1
Gpbox Psx1
Exon Intron Exon Intron
1 .173 bp 186 bp .155 bp 186 bp
2 460 bp 625 bp 460 bp 587 bp
3 46 bp 980 bp 46 bp 1171 bp
4 201 bp 230 bp
Copyright © 2000 by Academic Press. All rightassociated in clusters, a pattern typical of developing germ
cells (Figs. 7C and 7D). Urogenital ridge sections hybridized
with sense probes as controls gave signals (data not shown)
that were no greater than the background observed over the
mesonephros with the antisense probe (Fig. 7A). These
observations indicate that Gpbox is expressed in germ cells
of the early bipotential gonad, although concomitant, low-
level expression in the surrounding somatic cells could not
be excluded. The white-spotting locus (W) encodes the
c-KIT tyrosine kinase receptor, a protein essential for early
germ survival, migration, and proliferation. There are a
number of spontaneously occurring mutants (e.g., KitW/
itW-v; Nocka et al., 1990) that lack germ cells in their
urogenital ridges. To confirm the germ-cell-specific expres-
sion observed by in situ hybridization, urogenital ridges
were isolated from KitW/KitW-v mutant mice at E12.5 and
ompared to normal by RT-PCR. GPBOX transcripts were
eadily detected in normal gonads, but not in KitW/KitW-v
gonads (Fig. 7B), providing independent evidence that Gp-
box expression is restricted to germ cells.
To systematically follow the expression of Gpbox during
the emergence of morphologically distinct gonads, an
RNase protection assay was used to determine the abun-
dance of GPBOX transcripts in urogenital ridges dissected
from female and male mice at E10.5–16.5 (Fig. 8A). GPBOX
transcripts (207 nt) were detected at E10.5 at low, but
Gpbox and Psx1 genes were determined by sequencing genomic
s of the Gpbox gene and Psx1 gene are drawn to scale. The striped
meodomains (HD), and the white boxes indicate the untranslated
e shown and arrows indicate initiator methionines for GPBOX and
n B are indicated with labeled horizontal bars. (B) Southern blot
PstI, BglI, NcoI, KpnI, or XbaI and probed with 32P-labeled intronic
e molecular weight markers.f the
tion
te ho
ns ar
wn i
DraI,comparable levels in gonads from each sex. Over the ensu-
s of reproduction in any form reserved.
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187Sexual Dimorphic Expression of Gpboxing 5 days of development, GPBOX transcripts accumulated
at a faster rate and to a greater abundance in the female
urogenital ridge (Fig. 8B). At E11.5, GPBOX RNA was more
than twice as abundant in females than in males and by
E12.5, when GPBOX RNA was beginning to decline in
males, its level peaked in females at an amount that was
fivefold more abundant than in males. By E13.5, the levels
of GPBOX RNA in the male had declined to background
levels, but GPBOX transcripts persisted in the females until
E15.5.
It had been reported that PSX1 transcripts were present in
the placenta, but not in the embryo, as determined by
Northern blot analysis (Han et al., 1998). However, using
the more sensitive RNase protection assay, PSX1 tran-
scripts (263 nt) were detected in the developing gonad and
had a profile of accumulation that paralleled GPBOX RNA
(Fig. 8B). The PSX1 signal was significantly less than that of
GPBOX, although the relative abundance of the two tran-
FIG. 4. Genetic mapping and chromosomal localization of the mo
pretus) and an interspecific backcross BSS DNA panel were used fo
enes. Southern blot analysis of genomic DNA (4 mg) probed with
digestion with HindIII: parental controls C57BL/6J and M. spret
SPRET/Ei)F1] 3 SPRET/Ei). Numbers to the right indicate molecula
sx1. (B) Haplotype analysis of BSS DNA panel. Filled and open
espectively. Previously mapped loci around Gpbox and Psx1 are ind
ndicates the number of progeny with the particular haplotype
epresentation of part of mouse Chromosome X. The centromere i
ndetermined distances. Gpbox, Psx1, Pem colocalize and Esx1 is m
eft and Jackson BSS chromosome on right (vertical 3 cM scale barscripts may not be reflected in these assays because of a
Copyright © 2000 by Academic Press. All rightifferences in the specific activity of the probes. Neverthe-
ess, these data indicate that two Paired-like homeobox
enes, closely linked on Chromosome X, Gpbox and Psx1,
re expressed at the onset of dimorphic gonadogenesis and
heir transcripts accumulate preferentially in the female
ompared to the male gonad.
DISCUSSION
After evaluating approximately 4800, single-pass 39 ESTs
derived from female or male E12–13 urogenital ridges, a
single cDNA, GPBOX, that is expressed in the male and
female embryonic urogenital ridge at the onset of gonadal
dimorphism was identified. Although also expressed in the
placenta, Gpbox (germ-line–placenta–homeobox) tran-
cription is not observed elsewhere in the embryo nor in
dult tissues. GPBOX transcripts in male and female gonads
Gpbox and Psx1 genes. Parental strains of DNA (C57BL/6J and M.
etic mapping. (A) DNA polymorphisms of mouse Gpbox and Psx1
beled intronic DNA specific to Gpbox (top) or Psx1 (bottom) after
ve (9A, 9B, 9C, 9D, 9E) of 94 backcross progeny ([(C57BL/6J 3
ght (kb) of C57BL/6J (B57) and M. spretus (Spt) alleles of Gpbox and
s indicate the presence of the C57BL/6J and M. spretus alleles,
d on the left. The number at the bottom of each column of squares
recombination; SE, standard error of the mean. (C) Schematic
open circle at the top of the vertical line. Dashed lines represent
distally located on Chromosome X. MGD chromosome shown on
ight).use
r gen
32P-la
us; fi
r wei
boxe
icate
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s the
orere first detected at comparable levels at E10.5, but accu-
s of reproduction in any form reserved.
c
i
s
G
A
i
p
d
f (GR N
188 Takasaki, McIsaac, and Deanmulate at a faster rate and to a greater extent in females, in
which they are maximal at E12.5 and persist until E15.5.
The considerably more modest accumulation of GPBOX
RNA in the male peaks at E11.5 (20% of the female
maximum) and returns to background by E13.5. The pres-
ence of a homeodomain near the carboxyl terminus of the
227-amino-acid GPBOX protein suggests that it acts as a
transcription factor, and its temporal expression and spatial
accumulation in germ cells suggest a possible role in
oogenesis. Whether the dimorphic expression pattern of
Gpbox reflects a yet-to-be identified upstream regulatory
factor activated only in female germ cells, repression of a
FIG. 5. Comparison of GPBOX and other Paired homeodomain p
PBOX homeodomain with mouse PSX1 (Han et al., 1998), mouse
ristaless (Schneitz et al., 1993). The two vertical bars indicate t
dentical amino acid residues are darkly shaded and similar amino a
attern of three mouse Paired-like homeodomain proteins in ext
etection of GPBOX and PSX1 transcripts in placenta and whole e
and Cyclophilin probes (left). Protected PSX1, GPBOX, and Cyclo
protection assays were performed with total RNA (5 mg) from place
rom whole embryos lacking urogenital ridges at E11.5 and E12.5
FIG. 6. Whole-mount in situ hybridization of mouse embryos. Fem
with antisense GPBOX probes labeled with digoxigenin–UTP and
GPBOX transcripts were detected in the gonads, but not elsewh
photography. Urogenital ridges containing the gonad and mesonep
E13.5 (D). Scale bars, 0.5 mm (C, D).
Copyright © 2000 by Academic Press. All rightommon regulatory factor only in male germ cells (perhaps
ndirectly through the activation of Sry in neighboring
omatic cells), or both remains to be determined.
Gene Expression during Oogenesis
Establishment of the germ-line lineage does not occur in
the preimplantation mouse embryo (Gardner and Rossant,
1979; Kelly, 1977). Rather, beginning at approximately E6,
cells derived from the proximal epiblast (Tam and Zhou,
1996) migrate into the extraembryonic mesoderm and a
subset differentiates to form a precursor pool of ;45 germ
ins. (A) Alignment of the primary structure of the 60-amino-acid
1 (Li et al., 1997), mouse PEM (Maiti et al., 1996), and Drosophila
ositions of introns in these Paired-like homeodomain genes. The
esidues are shaded lightly. (B) Summary of the reported expression
bryonic tissue and adult gonads. (C) RNase protection assay for
os lacking urogenital ridges. 32P-labeled antisense PSX1, GPBOX,
in fragments detected after RNase A/T1 digestion (right). RNase
t E11.5 and E12.5 (Placenta–E11.5, Placenta–E12.5) as well as RNA
egative–E11.5 and GR Negative–E12.5).
and male embryos isolated at E11.5 (A) or E13.5 (B) were hybridized
bated with monoclonal antibodies specific to digoxigenin–UTP.
n the embryos, which were decapitated and eviscerated prior to
were dissected from female and male embryos at E11.5 (C) and atrote
Esx
he p
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189Sexual Dimorphic Expression of GpboxFIG. 7. In situ hybridization and RT-PCR analysis of urogenital ridges. Antisense 33P-labeled GPBOX probes were hybridized to formaldehyde-
xed, paraffin-embedded urogenital sections isolated from embryos at E11. Washed sections were exposed for 14 days prior to photography by
ark field (A, C) or light field (D, corresponds to C). GPBOX transcripts were detected in germ cells within the gonad and grain density over the
esonephros was no greater than background. A cluster, typical of germ cells, is highlighted by a bracket (C, D). Scale bars: 25 mm (A), 100 mm
(C, D). (B) RT-PCR analysis was performed using total RNA (1 mg) isolated from E12.5 normal and KitW/KitW-v mutant urogenital ridges in the
resence (1) or absence (2) of reverse transcriptase. GPBOX transcripts (217-bp PCR product) were detected in normal but not in KitW/KitW-v
mutant urogenital ridges. Cyclophilin transcripts (93-bp PCR product, positive control) were present in both normal and mutant ridges. M, HaeIII
igest of f/174 was used for molecular weight markers.
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190 Takasaki, McIsaac, and Deancells first detected at E7.2 in the allantois (Lawson et al.,
999; Lawson and Hage, 1994). These cells subsequently
eenter the embryo and migrate to the bilateral gonads, first
isible at ;E10 as a thickening on the ventrolateral surface
f the mesonephros (Clark and Eddy, 1975). Germ cells that
nter the gonad primordium at ;E10.5 associate as clusters
ith intercellular connections (Pepling and Spradling,
998). Shortly thereafter, several gender-based differences
re observed in female germ cells, one or more of which
ould require the expression of Gpbox.
FIG. 8. Relative abundance of GPBOX and PSX1 transcripts
during gonadogenesis. (A) RNase protection analysis was per-
formed using total RNA (3 mg) isolated from developmentally
staged (E10.5 to E16.5) normal urogenital ridges. RNA samples
were hybridized to GPBOX and PSX1 32P-labeled antisense ribo-
robes and a Cyclophilin probe served as a load control. (B)
utoradiographs of protected PSX1 (263 nt), GPBOX (207 nt), and
yclophilin (103 nt) fragments detected after RNase A/T1 diges-
ion were quantified using NIH Image. The relative amounts of
PBOX and PSX1 transcripts were determined after normalization
o Cyclophilin. The averages (6SEM) of three experimental series,
ach using the abundance of GPBOX at E12.5 in the female to be
00%, were plotted against developmental stage.At ;E13.5 the mitotically dividing oogonia begin meiosis
Copyright © 2000 by Academic Press. All rightnd asynchronously progress through MI prophase to the
iplotene before arresting in the dictyate stage. Not until
ust prior to ovulation in adult mice do oocytes complete
heir first meiotic division in preparation for fertilization.
n contrast, at E13.5 spermatogonia mitotically arrest in G1
where they remain until after ;5 days after birth and,
although male germ cells begin to enter meiosis 11 days
after birth, males are not fertile until the onset of puberty
(Byskov, 1986). The absence of GPBOX transcripts in the
adult testes suggests that Gpbox does not modulate the
expression of genes involved in meiosis, but could regulate
genes involved in meiotic arrest at the dictyate stage, a
process that is unique to female germ cells. The spatial and
temporal expression of Gpbox is also consistent with a role
in germ-line reactivation of the X chromosome. In tissues
that form the embryo proper, one X chromosome is ran-
domly inactivated between E6 and E7, although the timing
of inactivation varies among the tissues of the postimplan-
tation embryo (Tan et al., 1993). Thus, migrating germ cells
in XX embryos (;E8.5–10.5) have only one X chromosome
that is transcriptionally active, but as female germ cells
enter into meiosis, the other X chromosome becomes and
remains transcriptionally active during the rest of oogen-
esis, fertilization, and early development (Goto and Monk,
1998). The onset of meiosis appears to be a cell-autonomous
event and germ cells, male or female, that are ectopically
displaced or aggregated with nongonadal somatic cells enter
into meiosis (McLaren and Southee, 1997; Zamboni and
Upadhyay, 1983). Thus, the expression of Gpbox at E13.5
could modulate genes involved in X chromosome reactiva-
tion, although its increased accumulation in female germ
cells could also reflect its location on the X chromosome,
two of which are active in female compared to only one in
male germ cells.
Alternatively, as a homeodomain transcription factor,
GPBOX could initiate a cascade of gene expression leading
to the accumulation of maternal proteins required later in
oogenesis and development. One candidate structure is the
zona pellucida, an extracellular matrix surrounding the egg
that is required for fertilization and preimplantation devel-
opment (Rankin and Dean, 2000). The three zona genes
(Zp1, Zp2, Zp3) are expressed only in female germ cells
where their transcripts accumulate coordinately during
oocyte growth in the postnatal ovary (Epifano et al., 1995).
FIGa, an oocyte-specific basic helix-loop-helix (bHLH) tran-
cription factor, has been implicated in the coordinate
xpression of the zona genes (Liang et al., 1997). FIGa
transcripts are first detected at E13.5 in female, but not in
male, germ cells and mice lacking FIGa do not accumulated
zona transcripts (S. Soyal and A. Amleh, unpublished ob-
servations). Although the mechanisms by which Figa ex-
pression is controlled are yet to be reported, the expression
pattern of Gpbox raises the possibility of an epistatic
relationship between these two genes in which the GPBOX
homeodomain factor modulates expression of the FIGa
bHLH transcription factor, which in turn coordinates the
expression of the three zona genes in the growing oocyte.
s of reproduction in any form reserved.
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modulates other oocyte-specific genes is under investiga-
tion.
Homeobox Genes and Gonadogenesis
Homeobox genes encode transcription factors that have
been implicated in developmental processes within the
embryo, including organogenesis and axis formation. These
factors contain a 60-amino-acid DNA binding motif termed
a homeodomain. Although the primary structure of the
homeodomain varies, it forms a helix-helix-turn-helix ter-
tiary structure that is conserved across metazoan taxa.
While some homeobox-containing genes are clustered at
loci on four mouse chromosomes (e.g., the hoxa–hoxd
genes), others are dispersed throughout the genome (Ge-
hring et al., 1994).
Expression of homeobox genes in the urogenital tract has
een reported, and mice lacking specific homeobox genes
ave abnormal development and are sterile. Lim1 has been
implicated in the formation of the undifferentiated gonad
and its absence leads to renal and gonadal agenesis (Shawlot
and Behringer, 1995). Genes in the hoxa and hoxd clusters
are expressed in the urogenital tract and the absence of
hoxa-10, hoxa-11 results in anterior transformation of the
uterine horn and loss of fertility (Benson et al., 1996;
Gendron et al., 1997; Hsieh-Li et al., 1995; Satokata et al.,
1995). Disruption of the M33 gene (related to Drosophila
polycomb, a protein known to repress homeobox genes)
results in male-to-female sex reversal associated with re-
tarded gonad development (Katoh-Fukui et al., 1998). Al-
though these data suggest that homeobox genes may play a
role in gonadogenesis, expression of these homeobox tran-
scription factors has not been reported in germ cells within
the developing ovary.
Based on the similarities in the homeodomain and the
presence of additional protein motifs (e.g., LIM, POU,
Paired), homeobox genes have been grouped into discrete
classes (Gehring et al., 1994). The Paired class proteins have
two DNA binding domains, a 128-amino-acid Paired motif,
and a homeodomain resembling that encoded by the Dro-
sophila prd gene. Some of these proteins with a PRD
homeodomain lack the Paired domain and have been clas-
sified Paired-like homeobox genes with Drosophila arista-
less as the prototype (Galliot et al., 1999). The structure of
GPBOX most closely resembles that of a Paired-like ho-
meobox protein. Although homeodomains of GPBOX and
PSX1 have diverged significantly from the other members
of the Paired-like family, the positions of two introns
interrupting their homeodomains are maintained, which
suggests that they have a common genetic ancestry. Both
proteins have this motif in common with two additional
mouse homeodomain proteins, ESX1and PEM (Maiti et al.,
1996; Li et al., 1997).
Copyright © 2000 by Academic Press. All rightGpbox, Psx1, and Pem Colocalize on the
X Chromosome
Gpbox, Psx1, and Pem colocalize to offset position 7 on
ouse Chromosome X (Chun et al., 1999, this article).
pbox and Psx1 are highly homologous in terms of se-
uence and exon–intron maps (Han et al., 2000, this article),
nd although Pem sequence is less well conserved, it has
he genomic organization characteristic of the Paired-like
omeodomain genes. All three genes are expressed in the
eveloping gonads as well as the placenta. Pem is detected
in migrating germ cells at E8.5 and PEM transcripts persist
in males and females until E14, after which they abruptly
disappear. Surprisingly, male and female mice in which the
Pem gene has been disrupted by targeted mutagenesis have
intact gonads, normal reproduction, and no discernible
abnormalities (Pitman et al., 1998). This result suggests
possible compensation by other homeodomain proteins or
that there is sufficient residual PEM protein for biologic
activity (Fan et al., 1999). The expression of Gpbox and
Psx1 is first detected at E10.5, and their sexually dimorphic
accumulation patterns distinguish them from Pem. Addi-
tionally, although GPBOX and PSX1 proteins are highly
homologous (82% identical primary structure), their home-
odomains differ at critical residues thought to play a key
role in DNA-binding specificity of the “recognition helix”
(Gehring et al., 1994; Treisman et al., 1992), suggesting that
they may modulate different target genes.
In addition to their expression in the developing gonad,
these three homeobox genes are also expressed in the
placenta. Formation of the placenta is critical for normal
development in mammals and abnormalities in placenta-
tion can result in growth retardation or embryonic lethal-
ity. Because of preferential inactivation of the paternal X
chromosome, maternal alleles are expressed in the placenta.
There is genetic evidence implicating X-chromosome-
linked genes in regulating this extraembryonic tissue (Shao
and Takagi, 1990), and mouse interspecific hybridization
experiments indicate that a locus controlling placental
growth is present on the proximal part of the mouse X
chromosome (Zechner et al., 1996). Although, as noted
above, Pem null mice develop normally, targeted disruption
of Esx1, a homeodomain gene more distally located on the
X chromosome, resulted in abnormal allantoic invasion and
vascularization defects in the placenta (Li and Behringer,
1998). Whether expression of Gpbox or Psx1 within the
lacenta is critical for embryonic development remains to
e experimentally ascertained.
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